BLM is a RecQ family helicase that is defective in individuals with the cancer predisposition disorder, Bloom's syndrome (BS). At the cellular level, BS is characterized by hyper-recombination manifested as excessive sister chromatid exchange and loss of heterozygosity. However, the precise function of BLM remains unclear. Multiple roles have been proposed for BLM in the homologous recombination (HR) repair pathway, including 'early' functions, such as the stimulation of resection of DNA double-strand break ends or displacement of the invading strand of DNA displacement loops, and 'late' roles, such as dissolution of double Holliday junctions. However, most of the evidence for these putative roles comes from in vitro biochemical data. In this study, we report the characterization of mouse embryonic stem cells with disruption of Blm and/or Rad54 genes. We show that Blm has roles both upstream and downstream of the Rad54 protein, a core HR factor. Disruption of Rad54 in the Blm-mutant background reduced the elevated level of gene targeting and of sister chromatid exchanges, implying that Blm primarily functions downstream of Rad54 in the HR pathway. Conversely, however, mutation of Blm in Rad54 À/À cells rescued their mitomycin C (MMC) sensitivity, and decreased both the level of DNA damage and cell cycle perturbation induced by MMC, suggesting an early role for Blm. Our data are consistent with Blm having at least two roles in HR repair in mammalian cells.
Introduction
The genome of all living organisms is under constant threat from extrinsic mutagens, such as g-irradiation, or intrinsic problems in DNA metabolism, such as DNA replication fork collapse. These events can lead directly or indirectly to the formation of DNA double-strand breaks (DSBs). Homologous recombination (HR) is a potentially error-free pathway for repair of DSBs. To initiate HR, blunt-ended DSBs must be digested in a directional manner (5 0 -3 0 ) to generate 3 0 single-stranded DNA (ssDNA) tails. This permits the key 'recombinase' protein, Rad51, to generate Rad51-ssDNA filaments that can subsequently invade into a homologous DNA duplex to generate a displacement loop. The displacement loop is the structure in which new DNA synthesis is initiated in order to replace any DNA lost at the DSB site. In the latter stages of the process, HR intermediates can be channelled into either of two sub-pathways. In the synthesis-dependent strand-annealing sub-pathway, the invading ssDNA dissociates from the homologous donor template after DNA synthesis, and this subpathway leads exclusively to so-called non-crossover recombinant products. In the double Holliday junction (DHJ) sub-pathway, both ends of the DSB associate with the homologous donor sequence and prime DNA synthesis, which generates a DHJ structure. This DHJ must be resolved for the HR reaction to be completed and to allow recombining donor/recipient sequences to be disentangled. This processing theoretically leads to a 1:1 mix of crossover and non-crossover recombinant products, as the endonucleolytic cleavage of the Holliday junctions should occur equally efficiently in either orientation.
However, homozygous mutation of Rad51 is lethal in mouse cells, thus hampering the study of HR in mammals (Lim and Hasty, 1996; Tsuzuki et al., 1996) . However, deletion of key HR factors in Saccharomyces cerevisiae is not lethal, and this has permitted the identification of several Rad51 accessory factors, including Rad52. Unfortunately, although crucial for HR in yeast, disruption of Rad52 in mouse cells does not confer sensitivity to DNA-damaging agents and only leads to a modest reduction in HR frequency (Rijkers et al., 1998) . Another Rad51 interacting protein, Rad54, is also important for HR in yeast, and has been shown to accumulate into nuclear foci and colocalize with Rad51 and Rad52 in response to ionizing radiation in mammalian cells (Essers et al., 2002) . Mouse embryonic stem (ES) cells with Rad54 disruption show reduced levels of HR (Essers et al., 1997) . Therefore, Rad54 À/À ES cells provide an opportunity for studying the recombination pathway in a mammalian species. Rad54 is a member of the SWI2/SNF2 family of DNA-dependent ATPases, and shows a double-stranded DNA translocase activity (Eisen et al., 1995; Swagemakers et al., 1998; Van Komen et al., 2000; Ristic et al., 2001; Amitani et al., 2006) . Rad54 has been proposed to be involved in numerous aspects of Rad51-mediated HR (Tan et al., 2003; Heyer et al., 2006) , including assisting Rad51 in the search for homologous sequences, HJ branch migration and displacement of Rad51 from the invading DNA to allow DNA repair synthesis to be initiated (Solinger et al., 2002; Bugreev et al., 2006; Li et al., 2009) .
Patients with Bloom's syndrome (BS) are predisposed to the development of most cancer types (Chu and Hickson, 2009 ). The key cellular phenotype of BS is an approximately 10-fold elevation in the frequency of sister chromatid exchanges (SCEs), which are thought to arise primarily by HR (Chaganti et al., 1974; Sonoda et al., 1999) . The BS gene product, BLM, is a RecQ helicase family member. On the basis of the cellular feature in BS, BLM has long been considered to be an 'anti-recombination' protein. In vitro data showed that BLM is able to displace the invading strand from hRAD51-generated displacement loops, as well as to disrupt hRAD51-ssDNA filaments under some circumstances (van Brabant et al., 2000; Wu et al., 2001; Bachrati et al., 2006; Bugreev et al., 2007) . In addition, BLM, along with topoisomerase IIIa, hRMI1 and hRMI2, has been shown to process DHJ structures through a mechanism termed as 'dissolution', which generates only non-crossover recombinant products (Wu and Hickson, 2003; Raynard et al., 2006; Wu et al., 2006; Singh et al., 2008; Xu et al., 2008) . All these putative roles occur subsequent to the formation of RAD51-ssDNA filaments. Apart from these roles downstream of RAD51, recent studies also revealed a novel 'early' role for BLM. The S. cerevisiae BLM homologue, Sgs1, was shown to be involved in DSB end processing (Mimitou and Symington, 2008; Zhu et al., 2008) . After initial end processing, probably catalysed by the Mre11/Rad50/Xrs2 complex and Sae2 protein, extensive 5 0 strand resection seems to require either Sgs1 or exonuclease I. This end processing function of Sgs1 is dependent on its helicase activity and on interactions with a nuclease, Dna2. A role for BLM in human cells in the generation of ssDNA at sites of DSBs has also been shown (Gravel et al., 2008) . Consistent with this, a biochemical study showed that BLM promoted DNA end resection, but this time through stimulation of exonuclease I, not Dna2 (Nimonkar et al., 2008) .
To address the in vivo roles of Blm in HR in a mammalian system, we generated mouse ES cells with mutations in Rad54 and/or Blm. Our data suggest that Blm has at least two roles in HR: one upstream and one downstream of Rad54 function.
Results
Disruption of the mouse Blm and Rad54 loci ES cell mutants carrying either a hypomorphic mutation in the Blm gene or disruption of the Rad54 gene have been described previously (Essers et al., 1997; Luo et al., 2000) . To study the genetic relationships between Blm and Rad54, we also generated ES cells with mutation of both Blm and Rad54 genes by targeted disruption of the Rad54 locus in Blm m3/m4 cells (Luo et al., 2000) . The two Rad54 alleles were disrupted by two rounds of sequential gene targeting using puromycin-resistance (pur) and hygromycin-resistance (hyg) gene targeting constructs, respectively (Supplementary Figure 1 ; Essers et al., 1997) .
Southern blotting analysis was used to confirm the targeting of the Blm locus. Genomic DNA was digested using BamHI and then hybridized to a 3 0 external probe. A 6.8 kb band was detected in both wild-type (IB10) and Rad54
À/À cells. However, in Blm m3/m4 cells, and in Blm m3/m4
Rad54
À/À double-mutant cells, a 6 kb band was detected, which confirmed the presence of disrupted Blm alleles ( Figure 1a ). To distinguish Blm m3 and Blm m4 alleles, a probe that hybridizes to the third exon in Blm locus was used. Using BamHI-digested DNA, the expected 6.8 kb band was detected in both IB10 and Rad54 À/À ES cells. However, two bands of 6 and 7 kb were detected in single-and double-Blm mutant cells (Figure 1b) . The 6 kb band corresponds to the fragments containing the loxP cassette from both Blm m3 and Blm m4 alleles. The 7 kb band corresponds to the fragment containing exon 2 in Blm m3 . As expected, the intensity of the 6 kb band was approximately double that of the 7 kb band. Therefore, the genotypes of Blm single and double mutants were confirmed to be Blm m3/m4 . To confirm the targeting of the Rad54 locus, genomic DNA was digested by StuI and then hybridized with a probe that recognizes exons 7 and 8. A 9 kb band was detected in both IB10 and Blm m3/m4 cells. However, two bands of 7.6 and 6 kb were detected in Rad54 À/À cells, which confirmed the presence of the two disrupted alleles, Rad54 hyg and Rad54 neo , respectively ( Figure 1c ). In DNA from Blm m3/m4 Rad54 À/À double-mutant cells, two bands of 7.6 and 6.5 kb were detected, corresponding to the alleles disrupted by Rad54 hyg and Rad54 pur , respectively (Figure 1c 
À/À double-mutant cells. Targeting of Rad54 was predicted to generate a null mutation (Essers et al., 1997) . As a result, the expected Rad54 protein (85 kDa), which could be detected in IB10 and is not known whether the excess SCEs in BS cells are generated by the same mechanism that creates spontaneous SCEs seen in wild-type cells. To study the role of Rad54 in SCE formation, the level of spontaneous SCEs in various mouse ES cells was measured. Typical examples are shown in Figure 3a . The mean number of SCEs per metaphase in Rad54 À/À cells was 4.6, which was similar to that of wild-type cells (Figure 3b ). In Blm m3/m4 cells, spontaneous SCE level was greatly enhanced, as expected, and as reported previously (Luo et al., 2000) . The mean number of SCEs per metaphase was approximately 33, which is around sevenfold higher than that in wild-type cells. A characteristic of the SCE distribution in Blm m3/m4 cells was the number of events in which multiple SCEs were observed in a single chromosome, a feature not seen in wild-type or Rad54 À/À cells (Figures 3a, c ). In the double mutant, the mean number of SCEs per cell was 22 ( Figure 3b ) and the distribution of SCEs per chromosome was shifted somewhat to a more 'wild-type' pattern with fewer chromosomes showing three SCEs Figure 1 Genomic DNA analysis to confirm correct gene targeting. (a) Genomic DNA was digested by BamHI, and was analysed by Southern blotting using the 3 0 external probe for Blm. (b) Genomic DNA was digested by BamHI, and was analysed by Southern blotting using a probe flanking the third exon of Blm. (c) Genomic DNA was digested by StuI, and was analysed by Southern blotting using a probe flanking the seventh and eighth exons of Rad54. Genotypes are shown above the lanes. IB10 is the wild type. Molecular weight standards are shown on the right. Figure 2 Immunoblotting to confirm loss of Blm and/or Rad54 proteins. Proteins were separated by SDS-PAGE and transferred to membranes. Blm and Rad54 were detected using the antisera described in Materials and methods. Actin served as a loading control: (*) denotes nonspecific bands.
and more showing one SCE in the double mutant (Figure 3c) . Hence, the mutation of Rad54 suppresses the hyper-SCE phenotype observed in Blm m3/m4 cells, but clearly does not abolish it. Indeed, although the double mutant has a reduced level of SCEs, it still shows a 4.6-fold higher level than that of wild-type cells. We conclude that Rad54 mutation is able to partially suppress the elevated level of SCEs in cells lacking Blm function, but has no effect on the SCE frequency of otherwise wild-type cells.
Blm mutations result in a reduced level of mitomycin C (MMC)-induced SCEs MMC has been shown previously to significantly increase the frequency of SCEs in mouse ES cells (Dronkert et al., 2000) . Hence, we quantified the extent to which SCEs were induced by MMC treatment in the cell lines under investigation (Figure 3d ). All the cell lines showed higher levels of SCEs after MMC treatment. The mean number of SCEs in wild-type and Rad54 À/À cells were approximately 23 and 26, respectively, indicating that essentially all of the MMCinduced SCEs are Rad54 independent. The hyper-SCE phenotype in Blm m3/m4 was further induced to a mean of 60 per cell, which is only 2.5-fold higher than that of the wild type, compared with the sevenfold higher frequency of spontaneous SCEs seen in Blm m3/m4 cells. SCE levels in the double mutant were also induced (to around 47), which is approximately twofold higher than that seen in the wild type.
Comparing the levels of spontaneous and MMCinduced SCEs in the different cell lines, wild-type and Rad54 À/À cells had a 4.9-and 5.7-fold higher level of SCEs after MMC treatment, respectively (Table 1) . However, Blm m3/m4 and double-mutant cells only had a 1.8-and 2.1-fold increase in SCEs, respectively, after MMC induction. We conclude that Blm-deficient cells show a large increase in spontaneous SCEs, which are partially Rad54 dependent, but that they are significantly less susceptible to DNA damage-induced SCEs than cells containing functional Blm.
Gene targeting efficiency is influenced by both Blm and Rad54
HR is widely exploited in gene targeting to modify endogenous gene sequences or to integrate foreign DNA cells was totally suppressed by the Rad54 mutation.
To confirm that the variation in targeting efficiency among cell lines was not locus specific, additional experiments were performed to analyse targeting at the type I collagen locus (ColAI). The targeting efficiency of ColAI in IB10 was 16% (Table 2) , which was about 1.5-fold higher than that seen at the Rb locus. In all, 28% of the G418-resistant clones in Blm m3/m4 cells showed homologous targeting at ColAI, which again shows the hyper-recombination phenotype associated with Blm deficiency. More important, the targeting efficiency in the double mutant was severely suppressed to only 6.9%, a level significantly below that of wild-type cells (Po0.01). We conclude that the frequency of gene targeting is elevated in Blm-deficient cells, and that most, if not all, of the excess is dependent on Rad54.
Blm mutation is able to rescue the MMC sensitivity of Rad54 À/À HR is required for repair of some DNA DSBs and for repair of broken or damaged DNA replication forks.
DNA interstrand crosslinking agents such as MMC have been used extensively to analyse HR defects in eukaryotic cells (Essers et al., 1997) . We analysed the MMC sensitivity of Blm m3/m4 cells and of double-mutant cells to gain insight into the relationship between Blm and Rad54 after cellular exposure to this class of DNAdamaging agent (Figure 4 ). As expected, Rad54 À/À ES cells were extremely sensitive to MMC. Surprisingly, Blm m3/m4 cells were marginally more resistant to MMC when compared with wild-type cells. When both Blm and Rad54 were mutated, MMC sensitivity was indistinguishable from that of wild-type cells (Figure 4) . We conclude that mutation of Blm is able to rescue the MMC hyper-sensitivity of Rad54 À/À cells.
Blm is required for MMC-induced DNA damage to be converted into broken DNA To further explore the unexpected pattern of MMC sensitivity in the different cell lines, the levels of DSBs induced by MMC were quantified using pulsed-field gel electrophoresis. One role for HR factors is to repair DSBs induced in replicating DNA by DNA crosslinking agents. As the concentration of MMC was raised, the level of broken DNA in Rad54 À/À cells was progressively increased, as expected, if Rad54 were needed for DSB repair. In contrast, the level of DSBs was only mildly enhanced in wild-type, Blm m3/m4 and double-mutant cells (Figure 5a ). Therefore, as with MMC-induced cell killing, disruption of Blm can lower the level of MMC-induced DSBs in cells lacking Rad54.
The kinetics of DSB formation was also investigated. Cells were treated with 1 mg/ml MMC for various times (Figure 5b) . After 24 h, all four cell lines exhibited a significantly higher level of DSBs than their untreated counterparts. This level further increased at 36 h, at which point differences between the cell lines became more apparent. Most obviously, DSBs were highly induced in Rad54 À/À cells, but this strong increase was not seen in the double mutant, again indicating that Blm deficiency suppresses this aspect of the Rad54 À/À phenotype. Slower cell cycle progression in Rad54 À/À is relieved by Blm m3/m4 mutation We used flow cytometry to monitor the arrest of cells and recovery after MMC treatment. MMC treatment leads to an arrest of ES cells in the S-phase (Hanada et al., 2006) , in contrast to the more typical G2 arrest seen in human fibroblasts and tumour cell lines. After treatment with 1.5 mg/ml MMC for 1 h, wild-type ES cells, Blm m3/m4 cells and double-mutant cells required approximately 20 h to re-initiate cell cycle progression, and around 28 h to fully recover. Rad54 À/À cells seemed to be delayed by 4-8 h at every stage of the recovery process compared with the other three cell lines, and took around 36 h to recover fully ( Figure 6 ). Clearly, therefore, disruption of Blm relieves the MMC-induced cell cycle delay associated with Rad54 deficiency.
Discussion
In this study, we set to address two aims: to define the phenotype of mouse ES cells with defects in Blm, and to address the extent to which the hallmark phenotypes of BS cells are dependent on a functional HR repair pathway. To do this, we analysed a newly created double-mutant cell line in which Blm deficiency is combined with loss of Rad54, a highly conserved SWI2/SNF2 family translocase at the core of many HR functions. Our data indicate that Blm has at least two roles in DNA recombination/repair, with one apparently upstream and one apparently downstream of Rad54 function. Our data also shed light on the contribution made by Rad54 to different aspects of spontaneous and DNA damage-induced HR in mammalian stem cells.
Blm functions downstream of Rad54 in the spontaneous HR pathway
We have shown that Blm m3/m4 cells exhibit an increase in homologous gene-targeting efficiency, whereas Rad54 À/À cells show a diminished level of such targeting. These results reinforce previous findings with regard to the proposed pro-and anti-recombinogenic roles of Rad54 and Blm, respectively (Essers et al., 1997; Luo et al., 2000) . In the double mutant, the elevated frequency of targeted integration associated with Blm m3/m4 cells was abolished by Rad54 mutation, which is consistent with data from analysis of chicken DT40 cells (Wang et al., 2000) . Blm m3/m4 cells showed a sevenfold higher level of spontaneous SCEs than wild type, which was reduced in the double mutant, but only by a small degree (to 4.6-fold elevated). This result indicates that the increased spontaneous SCEs in Blm-deficient cells are only partially dependent on Rad54, which presumably defines an HR-specific component of spontaneous SCE production. Similar results were reported in chicken DT40 knockout cells (Wang et al., 2000; Otsuki et al., 2007) . Nevertheless, SCEs were still detectable in either Rad54 À/À or double-mutant cells, which suggests that most of these spontaneous events are Rad54 independent. This raises the issue of whether some SCEs are generated by pathways other than HR, or simply whether there is redundancy in HR pathways with some events not requiring Rad54 function. One possible redundant 'pathway' is provided by the Rad54 paralogue, Rad54B, which, when mutated in a Rad54 À/À background, further reduces targeting efficiency (Wesoly et al., 2006) . Alternatively, mutation in XRCC3, encoding a Rad51 paralogue, has been shown to suppress SCEs in blm chicken DT40 cells (Otsuki et al., 2007) , arguing that some SCEs are HR dependent, but Rad54 independent, in vertebrate cells. One possible route for the generation of HR-independent SCEs is through DNA topoisomerases, which were proposed previously to initiate SCE formation (Dillehay et al., 1989) . Whatever the explanation for our results on gene targeting and SCEs, the conventional interpretation, derived from genetic pathway analysis in lower organisms, such as yeast, would be that Blm functions downstream of Rad54 in the HR pathway. This would be expected if the primary role of BLM were in the dissolution of DHJs. This conclusion is consistent with the established role of Sgs1 in processing Rad54-dependent HR intermediates that arise during a perturbed S-phase in yeast (Mankouri et al., 2007) .
Blm functions upstream of Rad54 in the HR pathway after DNA damage We showed that Rad54 À/À cells are extremely sensitive to MMC, a DNA crosslinking agent. Unexpectedly, Blm m3/m4 cells were slightly, but significantly, resistant to killing by MMC compared with wild-type ES cells. These results are in agreement with previous reports (Essers et al., 1997; Marple et al., 2006) . As the Blm Rad54 double mutant shows a defect in HR, as shown by its gene-targeting deficiency, it was predicted that this mutant would be highly sensitive to MMC. However, the MMC sensitivity in the double mutant was indistinguishable from that of wild-type cells. These data suggest that a complex relationship exists between the Blm and the HR pathway in ES cells, and are not obviously congruent with findings from analysis of chicken DT-40 cells (Otsuki et al., 2007) . The most obvious explanation for the MMC sensitivity data is that the initial level or persistence of a DNA lesion induced by this agent is not identical in wild-type versus Blm-deficient cells. Indeed, it is known that DNA crosslinking agents generate more than one toxic lesion in DNA. The interstrand crosslink itself provides an effective blockage for DNA replication forks and other processes requiring the complementary strands of duplex DNA to be opened. However, these agents also indirectly generate DNA DSBs, principally through replication-associated processing of the crosslink Figure 6 Cell cycle perturbation after MMC treatment. Flow cytometric analysis was performed on each cell line using either untreated cells or cells exposed to 1.5 mg/ml MMC for 1 h. After removal of the drug, cells were allowed to recover in fresh medium for the times indicated on the left. The positions on the trace containing cells with a G1, S or G2/M DNA content are shown. (Hanada et al., 2006) . Given the importance of HR in the repair of replication-associated DSBs, we analysed levels of DSBs in the various ES cell lines after treatment with MMC. These analyses revealed that Rad54 À/À cells contained significantly more broken DNA than did wild-type or Blm m3/m4 cells. Interestingly, the enhanced level of DSBs in Rad54 À/À was suppressed by Blm mutation, as revealed in the double mutant. These results support a role for Blm in converting MMCinduced interstrand crosslinks into DSBs, which are subsequently repaired by HR in a Rad54-dependent manner.
Conversion of at least a proportion of DNA interstrand crosslinks induced by MMC into DSBs in mammalian cells requires Mus81, a DNA structurespecific endonuclease (Hanada et al., 2006) . Of direct relevance to this, an in vitro study revealed that human BLM was able to stimulate human MUS81 endonuclease activity on branched DNA substrates (Zhang et al., 2005) . Our data would be consistent with mouse Blm influencing DSB formation either by a direct role in stimulating Mus81, or by the generation of a Mus81-sensitive DNA structure at replication forks that are stalled at the site of a crosslink. Given the possible role of Mus81 in cleaving branched DNA structures in vitro, including a model for a Holliday junction, the most plausible model, in our view, is that Blm promotes the regression of stalled forks at the site of crosslinks to create a Holliday junction, which is then cleaved by Mus81 to generate a DSB. Consistent with this, human BLM is known to be able to promote replication fork regression (Ralf et al., 2006) . One implication of this model is that much of the killing effect of MMC is likely to be through DSB formation and not the crosslink per se, given the relative resistance of Blm-defective cells to MMC. Further work is needed to confirm the biochemical relationship between mouse Blm and Mus81 on DNA substrates mimicking interstrand crosslinked replication forks.
Although Blm m3/m4
and double-mutant cells still exhibited SCEs after MMC induction, the degree to which MMC could induce SCEs in these Blm-deficient lines was much lower than that seen in wild type or Rad54 À/À cells. Hence, cells lacking Blm function could be viewed as showing hypo-induction of SCEs after DNA damage, in contrast to their well-established hyper-recombination phenotype. If fewer DSBs were generated in MMC-treated Blm single and double mutants, reduced levels of HR would be initiated, leading to lower rates of SCE induction.
Although biochemical studies have suggested multiple potential functions of Blm, our genetic data in a mammalian system are the first to convincingly show that the dual roles proposed for Blm orthologues in yeast are likely to be conserved in higher organisms. Our data also shed light on potential roles for Blm and Mus81 in DNA interstrand crosslink processing. Interestingly, Mus81 was first identified in a yeast two-hybrid screen with Rad54 (Interthal and Heyer, 2000) , making it likely that multiple functional relationships exist between Blm, Rad54 and Mus81 (Mazina and Mazin, 2008) .
Materials and methods

Cell culture
Cell lines used and cell culture conditions are reported in the Supplementary Methods section.
Western blotting Antibodies used are described in the Supplementary Methods section.
SCE assay
Cells were incubated with medium containing 10 mg/ml BrdU for 24 h. A 100 ng/ml KaryoMAX Colcemid (Gibco, Paisley, UK) was added for the final 30 min of the treatment period. For MMC-induced SCEs, cells were treated with 0.2 mg/ml MMC for 1 h. Cells were then incubated with fresh medium containing 10 mg/ml BrdU for 28 h. KaryoMAX Colcemid (Gibco) (100 ng/ml) was added for the final 2 h of the treatment period. One hundred metaphase nuclei were scored for each analysis using a Nikon Eclipse 80i microscope equipped with Lucia G software (Laboratory Imaging, Prague, Czech Republic). The differences in the distributions of SCEs were evaluated statistically using an unpaired t-test.
Homologous targeting of Rb and ColAI loci
The targeting efficiency at the retinoblastoma (Rb) locus was measured by the targeting of exon 19 as described previously (te Riele et al., 1992) . The targeting efficiency at the type I collagen (ColAI) locus was studied by the targeting of a region that lies around 500 bp downstream of the 3 0 untranslated region as described previously (Beard et al., 2006) .
Clonogenic survival assays
Cells were incubated in MMC-containing medium for 1 h. After treatment, cells were washed with PBS and then grown in fresh medium for 6-8 days. Colonies were fixed, stained and counted using Coomassie solution (0.1% Coomassie Blue, 7% acetic acid, 50% methanol). All experiments were performed at least three times.
Pulsed-field gel electrophoresis Cells were treated with MMC for 24 h. After treatment, 10 6 cells were embedded into 0.9% agarose gel plugs using a CHEF disposable plug mould (Bio-Rad, Hemel Hemstead, UK). The plugs were processed and run in an 0.9% agarose gel as described previously (Hanada et al., 2006) .
Cell cycle progression
Cells were treated with 1.5 mg/ml MMC for 1 h. After treatment, the cells were washed with PBS, and were then grown in fresh medium for various lengths of time, before being harvested and fixed in 70% ethanol. Fixed cells were stained with 40 mg/ml propidium iodide and 100 mg/ml RNase A in PBS. Cell cycle distributions were measured using a FacsCalibur flow cytometer (Becton Dickinson, Oxford, UK).
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